Many broadly-dispersing corals acquire their algal symbionts (Symbiodiniaceae) from their 18 environment upon recruitment. This horizontal transmission strategy has the potential to promote 19 coral fitness across diverse environments provided that corals can associate with diverse algae 20 across their range and that these symbionts exhibit reduced dispersal potential. Here we quantified 21 genetic structure of algal symbionts in symbiosis with two hosts (Acropora hyacinthus, Acropora 22 digitifera) across two spatial scales (across islands, within islands) in Micronesia using 23 microsatellites. We contrast these symbiont genetic structures to previously published coral host 24 structures across the same spatial gradient. We find that both hosts associated with two genetically 25
Introduction 41
Many well-known symbioses involve the passing of symbionts from parents to offspring (vertical 42 transmission), fully aligning the evolutionary trajectories of symbiotic partners and typically 43 leading to their deep integration at biochemical and genomic levels (i.e. Buchnera in aphids 44 (Nakabachi, Ishida, Hongoh, Ohkuma, & Miyagishima, 2014; Shigenobu & Wilson, 2011) ). The 45 result of such symbiosis is essentially a novel composite organism, often called the 'holobiont ', 46 upon which selection can act (Bordenstein & Theis, 2015) . In other types of symbioses, the 47 association between partners must be established anew each generation (horizontal transmission), 48 which offers the host's offspring the opportunity to sample a variety of symbiont lineages and 49 select partners that potentially confer some sort of local advantage (Hilario et al., 2011; Schwarz, 50 Krupp, & Weis, 1999; Usher, Bergman, & Raven, 2007) . In theory, this kind of relationship should 51 generate novel ecological opportunities for both symbiotic partners through their mixing and 52 matching across environments. For example, association with ecologically specialized algal 53 photobionts can lead to distinct ecological guilds of lichens (Peksa & Skaloud, 2011) or allow a 54 fungal partner to expand its geographic range across a more broad climatic envelope (Fernandez-55 Mendoza et al., 2011) . Similarly, in aphids, association with various horizontally transmitted 56 bacterial symbionts allows these insects to colonize novel host plants across climatic zones (Henry 57 et al., 2013) . 58
Reef building corals are no exception, and associations with algal symbionts in the family 59 Symbiodiniaceae is obligatory for the majority of tropical corals since they rely on photosynthetic 60 byproducts from the algae for energy in oligotrophic waters and, in turn, the algae benefit from a 61 protected and light-exposed residence as well as inorganic nutrients and CO2 concentration 62 & Santos, 2017; Thornhill, Lewis, . This diversity has been associated 85 with functional variation in symbiont thermal performance across reefs (Sarah W. Davies, Ries, 86 Marchetti, & Castillo, 2018; E.J. Howells et al., 2012) as well as with functional differences in 87 gene expression between reef zones (Sarah W. Davies et al., 2018) , lending support for the 88 potential for reef-specific symbiont communities. 89
However, little is known about the population biology of Cladocopium spp. algal 90 symbionts, including how their populations are structured relative to their coral hosts. Comparing 91 the dispersive capacities of each of these symbiotic partners across diverse environments is an 92 essential component to better understanding this symbiosis. Here, using microsatellites, we 93 examined multilocus genotypes (MLG) of Cladocopium spp. algal symbionts hosted by two 94 species of Acropora coral hosts -A. hyacinthus and A. digitifera -collected from the same reef 95 locations across the Micronesian Pacific (Fig 1A, B ). Our previous work demonstrated that both 96 host species exhibited extensive genetic connectivity and their genetic structure was well explained 97 by the patterns of regional surface currents and geographic distance in a classic isolation by 98 distance pattern (S. W. Davies et al., 2015) . Here, by analyzing two coral species that co-occur 99 across the same islands as well as local reef environments, we aimed to investigate the relative 100 roles of geographic distance and host species in driving the genetic structure of algal symbiont 101 populations in the genus Cladocopium and to compare the structure of the algal symbiont 102 populations to their coral hosts. 
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Materials and Methods 113
Sampling 114
This study comprised a subset of samples previously analyzed for coral host genetics in Davies et 115 al. (2015) (Table S1 , Fig 1A) . Twenty-five individuals of each coral host species (Acropora 116 hyacinthus and Acropora digitifera) were examined at two reef sites ( Fig 1B) to assign similar MLGs to clusters (10 6 iterations, burn in = 300,000) across ten replicate runs for 155 each K (1-10) using an admixture model with no location prior. Following Evanno et al. (Evanno, 156 Regnaut, & Goudet, 2005), ΔK was calculated in STRUCTURE Harvester (Earl & Vonholdt, 2012 ) 157 and CLUMPP (Jakobsson & Rosenberg, 2007) and DISTRUCT (Rosenberg, 2004 ) produced all 158 graphics. In this initial analysis, all samples exhibited strong assignments into two highly 159 supported clusters. Following Wham and LaJeunesse (2016), we investigated the relationship 160 between these cluster assignments and their allele identities and found strong relationships 161 between assignments and allele identity, particularly at two loci (Sgr_21 and Spl_33; Fig S1) , and 162 therefore concluded that two distinct Cladocopium lineages were present. Additional analysis of 163 psbA ncr locus, described below, indicated that these two lineages were C3 sensu ( Since the ploidy of Cladocopium remains debated and only four Cladocopium samples 208 were confirmed via psbA ncr sequencing, we elected to employ a second analysis of DAPC to 209 confirm the population structure results we detected using the analyses that assume diploidy. All 210 samples were included regardless of allele number at each locus and data were converted to a 211 binary table of allele presence/absences within each sample (Supplementary File 3). Genetic 212 clusters were then explored using DAPC with group priors as described above. In addition, because 213 DAPC analyses maximize variation between groups, we also visualized data using a principle To enable standard population genetic analyses, data were restricted to corals hosting a single 220 multilocus genotype (MLG), which encompassed 69% of A. digitifera and 64% of A. hyacinthus 221 samples. Across the two coral species in Micronesia ( Fig 1A, B ), two distinct Cladocopium 222 lineages were observed, which were most clearly discriminated by two of the six microsatellite 223 loci ( Fig S1) . Sequencing of the psbA ncr gene for two representative samples from each lineage 224 identified these lineages as Cladocopium C40 and C3 (LaJeunesse & Thornhill, 2011) ( Fig S2) . It 225 is important to note that the possible presence of other genera of Symbiodiniaceae in the 226 background would not affect Cladocopium genotyping results since our microsatellite assays are 227 highly genus-specific. Within the single MLG data subset, corals of both Acropora species from 228
Palau and Ngulu were found to exclusively host Cladocopium C40 ( Fig 1C, pink bars) . C40 was 229 also prevalent in A. digitifera at one reef site on Yap (Goofnuw Channel) and was occasionally 230 found in A. digitifera across the rest of Micronesia ( Fig 1C) . All other Acropora samples across 231 the spatial gradient explored associated with lineage C3 (Fig 1C, 
turquoise bars). Both 232
Cladocopium lineages possessed high genetic diversity, with a total of 70 unique alleles across 233 three islands in C40 (Table S3A ) and 130 unique alleles across five islands in C3 (Table S3B) . 234
Mean numbers of alleles per island for each locus for C40 ranged from 3.00-4.67 with the highest 235 number of private alleles observed in Palau (N=7) ( Table S3A ). Mean C3 allele numbers per island 236 for each locus ranged from 3.83 to 5.17 and numbers of private alleles ranged from one to four 237 (Table S3B) . 238 239 Cladocopium C3 are more genetically structured than their coral hosts 240
Overall Cladocopium genetic divergence between the two host species across the entire dataset 241 was significant for both C40 (FST=0.092) and C3 (FST=0.037), confirming that host species play a 242 role in structuring Cladocopium populations across Micronesia (Fig 2A, B) . All pairwise between-243 island FST's for C40 were significant (Table 1A ) and in fact, the high FST values for Palau and Yap 244 C40 relative to C40 from Ngulu suggest the potential for a third lineage of Cladocopium ( Fig 2C) , 245 although this pattern is not further explored here. C3 exhibited one surprisingly non-significant 246
FST comparison (Yap-Pohnpei, 0.009) with all other island pairs exhibiting significant FST values, 247 which ranged from 0.058 (Guam-Chuuk) to 0.078 (Yap-Kosrae) (Table 1B) . Notably, when all 248 pairwise comparisons were included, C3 differentiation did not show significant isolation-by-249 distance (IBD), which had been previously observed for both coral hosts over this range (S. W. 250
Davies et al., 2015) (Mantel's r=0.1161, p=0.1809, Fig 3A) . However, when the single non-251 significant Yap-Pohnpei FST comparison was removed, significant IBD was observed for C3 252 (Mantel's r=0.4082, p=0.0277, Fig 3B) . IBD could not be computed for C40 due to too few 253 between-island comparisons. With the exception of the Yap-Pohnpei comparison, C3 FST values 254 between islands exceeded those for both host species and the slope of FST ~ distance dependence 255 was parallel to the slope observed in both coral hosts ( Fig 3B) . Overall, with the exception of C3 256 collected on Yap, all FST values between reefs located within the same island (regardless of host 257 species) were significant and ranged from 0.025 (C3 Guam) to 0.183 (C3 Kosrae) ( 
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Algal symbiont genetic differentiation by coral host species and local reef environment 297 Discriminant analysis of principal components (DAPC) strongly differentiated between 298 host species for both Cladocopium C40 and C3 (Table S4 , Fig 2A, B) , corroborating FST estimates 299 and suggesting that host specificity drives symbiont genetic diversity. However, both Acroporia 300 hosts were capable of maintaining symbiosis with the same Symbiodiniaceae lineages across 301 Micronesia, demonstrating that these hosts have flexibility across the spatial range investigated 302
here. In addition, DAPC demonstrated differences among islands for each Cladocopium lineage 303 irrespective of host species: generally high per-island assignment rates were obtained for C40 (Fig  304   2C , 82-100%) and C3 (Fig 2D, 51-98% ), consistent with both STRUCTURE (Fig 1C, D) and FST 305 results (Table 1) . Notably, algal symbionts from Yap consistently showed the lowest assignments 306 rates for both C3 and C40. Moreover, nearly all pairwise FST values between unique host-307 environment pairings on each island were significant for both lineages (Table 3 ), suggesting that 308 some combination of host specialization, environmental partitioning and/or strong dispersal 309 limitation across space is responsible for algal symbiont genetic differentiation. In accord with 310 these results, of the two top eigenvalues in DAPC analysis within islands, one discriminant 311 function (DF) explained divergence by host species and the other DF explained differences 312 between reef sites (Fig 4) . However, there were several examples of non-significant pairwise FST 313 comparisons within the dataset (Table 3 ). These included A. hyacinthus symbionts across sites 314 within Palau, A. digitigera symbionts within Guam, A. digitifera symbionts across sites within Yap 315 and also A. hyacinthus and A. digitifera symbionts within Goofnuw on Yap (Table 3) . However, 316
it is important to note that the sample size of A. digitifera symbionts at Goofnuw was low (N=4) 317
given that many of these hosts associated with C40, while the rest of A. digitifera symbionts on 318
Yap associated with C3 (Fig 1C, D) and this may explain the lack of significance observed. 319
Interestingly the strongest pattern of separation within host-environment pairings was observed 320
for Kosrae ( Fig 4E) , suggesting that whatever processes are responsible for symbiont genetic 321 divergence are strongest in Kosrae. 322 Lastly, to confirm that the patterns we observed were not simply an artifact of selecting 340 only individuals with two or fewer alleles per locus, we performed additional unconstrained 341 community analyses on all data in binary format for each island. We conducted both DAPC and 342
Principle Component Analyses (PCA) and the general patterns were upheld: there was evidence 343 of both genetic divergence by host species and reef environment within each island (Fig. S3, S4) . Table 3 and information on 355 the DAPC models can be found in Table S4 .
356
Discussion 357
Acropora corals establish symbiosis with diverse Cladocopium lineages 358 Across the Micronesian Pacific (Fig 1A, B) , both Acropora coral hosts associated with 359
Cladocopium algal symbionts, which were represented by two distinct lineages -C40 and C3 (Fig  360   1C ; Fig S2) , with potentially more diverse cryptic lineages present (i.e. Ngulu Cladocopium; we observed that the majority of corals contained no more than two Cladocopium alleles per locus, 378 which can be interpreted as hosting a single Cladocopium clone (A. digitifera: 69%, A. hyacinthus: 379 64%), corroborating previous works on Symbiodiniaceae genetics (reviewed in Thornhill et al., 380 2017 ). However, it is also important to note that our study only explicitly explored population 381 genetic patterns in Cladocopium, the symbiont genus most commonly known to associate with 382 Acropora in this region, by targeting Cladocopium-specific loci. Only a few samples (N=4) were 383 specifically tested here for community level algal species identification, however our research 384 group had previously characterized community level Symbiodiniaceae communities on Palau 385 using ITS2 metabarcoding and determined that all hosts associated with one of two Cladocopium all pairs of sampled islands in both C3 and C40 lineages. Our FST estimates for the more broadly 400 distributed lineage (i.e. generalist), C3, did not exceed 0.078 (Table 1B) which is markedly lower 401 than previously published estimates from other locations (Andras, Kirk, & Harvell, 2011; E.J. 402 Howells et al., 2009 ). This could be attributable to the use of different markers and analytical 403 approaches, differences in the spatial scales explored, or differences between generalist/specialist 404 algal symbionts. In addition, exceptionally high genetic divergence values might be the result of 405 the presence of additional Symbiodiniaceae lineages within the same genus. Here, as an example, 406
we observed that C40 FST values involving Ngulu were higher than any of those observed in C3 407 even though C40-populated islands were only separated by 100's, not 1000's, of kilometers (Palau-408 Ngulu = 0.279, Yap-Ngulu = 0.326) (Table 1A) . These results may suggest the presence of an 409
additional Cladocopium lineage present in Acropora hyacinthus on Ngulu. Regardless of the 410 magnitude, significant C3 and C40 FST estimates support the prevailing view that Symbiodiniaceae 411 dispersal is limited across the seascape, although there are occasional cases of high genetic 412 similarity over very long distances (C3, Yap-Pohnpei). 413
Our working hypothesis predicted stronger symbiont FST values compared to coral hosts. 414
It also predicted that Cladocopium algal symbionts would follow isolation by distance (IBD) 415 patterns, which was previously shown for both coral host species (S. W. Davies et al., 2015) . Here, 416 we were only able to investigate IBD in Cladocopium C3 given that C40 was only observed in 417 high proportions at three islands ( Fig 1B) . Indeed, Cladocopium C3 FST values were nearly always 418 greater than host FST values, however, when all pairwise island comparisons were included 419 significant C3 IBD was not detected ( Fig 3A) . This lack of IBD was driven by one pairwise 420 comparison between Yap and Pohnpei, which was the only insignificant FST across more than 421 2000 km distance (Table 1) . When this outlier was removed, we observed significant IBD for 422 Cladocopium C3 (r 2 =0.4082, p=0.0277) with higher values than their hosts (Fig 3B) , which is 423 consistent with other studies investigating host-symbiont population genetics (i.e. ( Here we observe significant Cladocopium population 440 structure among two different host species within each site (Fig 4; Table 3 ). Previous work on 441 octocorals similarly observed significant host differentiation among algal symbionts, however they 442 found that this genetic divergence was driven by different aged cohorts and depth in their system 443 (Andras et al., 2011). However, host habitat depth or age class cannot directly explain the host 444 specificity observed in our study given that specific attention was payed to collecting colonies 445 located at similar depths and of similar size classes. Instead, our data suggest that the 446 local association of hosts and symbionts within the same genotypic cluster is due to host specificity 447 in Cladocopium (Fig 3, 4) , which has been previously proposed in symbionts hosted by 448
Pocillopora in the south Pacific (Magalon et al., 2006) . Since our study sampled two coral host 449 species, we also detected that this specificity is imperfect: at every location, there were symbionts 450 in one host species that would have been assigned to another coral host based on their MLG (Fig  451   4 ). This pattern suggests that Cladocopium's host specialization is present, however there is 452 genetic exchange between these host-specific symbiont assemblages within a location. 453 454
Genetic subdivision of Cladocopium within islands 455
Within each island and sympatric host species, the majority of Cladocopium pairwise comparisons 456 exhibit significant genetic divergence between closely located reef sites (Fig 4; Table 3 ) suggesting 457 either that symbiont dispersal is very limited or spatially varying selection among reef sites is at 458 play. Genetic subdivision between reef sites at the same island is the best demonstration that 459 symbionts exhibit stronger genetic structure than their coral hosts, which never showed significant 460 substructure within islands (Davies et al., 2015) . Notably, in some cases these within-island FST 461 values are higher than those observed between islands, which are much greater distance apart 462 (Tables 1-3) . Given this pattern, it is tempting to speculate that genetic divergence among 463 individual reefs might be due not only to dispersal limitation, but also to spatially varying selection, 464 implying environmental specialization (i.e. local adaptation) in the symbionts. Unfortunately, 465 these islands are remote and understudied and therefore we lack further support for this claim as 466 we did not measure environmental parameters and did not assess symbionts' fitness across 467 environments. Among factors that might contribute to genetic subdivision among reefs irrespective 468 of distance is high variation in reproductive success among Cladocopium clones on a local scale, 469 which would elevate FST due to spatial discordance of short-term allele frequency fluctuations 470 (Thornhill et al., 2017 ). Yet, previous work has demonstrated that other Cladocopium symbiont 471 populations have exhibited classic signals of local adaptation (E.J. Howells et al., 2012) , and 472 therefore reef sites investigated here offer an excellent study system for investigating the fine-scale 473 local adaptation potential of Cladocopium. If these algal symbionts are indeed locally adapted, this 474 would ensure that horizontally transmitting coral hosts increase their local fitness by associating 475 with local symbionts. To confirm this hypothesis, much future work is required to experimentally 476 demonstrate that these symbionts are achieving their maximum fitness in their local reef 477 environment (Kawecki & Ebert, 2004 1  JQ043642  C3  2  KF572372  C3  3  JQ043643  C3  4  JQ043641  C3  5  JQ043640  C3  6  JQ043644  C3  7  JQ043635  C3  8  JQ043638  C3  9  JQ043637  C3  10  JQ043636  C3  11  KF572331  C3  12  KF572332  C3  13  KF572318  C3  14  KF572319  C3  15  KF572373  C3  16  KF572374  C3  17  KF572358  C3  18  KF572368  C40  19  KF572359  C40  20  KF572367  C40  21  KF572366  C40  22  KF572360  C40  23  KF572357  C40  24  KF572363  C40  25  KF572365  C40  26  KF572364  C40  27  KF572370  C40  28  JQ043603  C31  29  JQ043599  C31  30  JQ043604  C31  31  JQ043671  C27  32  JQ043673  C27  33  JQ043670  C27  34  JQ043669  C27  35  JQ043676  C27 
